fructose, oxidation of menaquinol and ubiquinol, dehyEnzymes often act on more than one substrate, and the question drative deamination of serine and threonine. In such then arises as to whether this can be attributed to the existence of two different enzymes that have not been separated or, more cases it is important to establish whether the broad interesting, to the presence of two different active sites in the specificity can be attributed to the presence of two difsame enzyme. The competition plot is a kinetic method that allows ferent active sites in the same enzyme. This paper deus to test with little experimentation whether the two reactions scribes the competition plot, a kinetic method that helps occur at the same site or at different sites. It consists of making to solve this problem of specificity by determining mixtures of the two substrates and plotting the total rate against whether the two different reactions catalyzed by an a parameter p that defines the concentrations of the two sub-enzyme occur at the same active site or at different strates in terms of reference concentrations chosen to give the ones (1). It can be applied to a pure enzyme that catasame rates at p ϭ 0 and p ϭ 1, i.e., when only one of the substrates lyzes more than one reaction or to an extract; in the is present. With a slight modification of the equations it can also latter case it can help to establish at the beginning of be applied to enzymes that deviate from Michaelis-Menten kinetics. If the two substrates react at the same site, the competition a study if the two reactions are catalyzed by a single plot gives a horizontal straight line; i.e., the total rate is indepen-enzyme or by two different activities present in the dent of p. In contrast, if the two reactions occur at two separate and extract. The possibility of working with impure fracindependent sites a curve with a maximum is obtained; separate tions is important because some enzymes, such as cerreactions with cross-inhibition generate curves with either maxima tain cytochrome P450 enzymes (2), appear to change or minima according to whether the Michaelis constants of the substrate specificity during their purification (2) and it two substrates are smaller or larger than their inhibition constants is important to establish early in the process of purificain the other reactions. Strategies to avoid ambiguous results and tion if there is likely to be one or more than one enzyme to improve the sensitivity of the plot are described. A practical activity involved. In general this question arises whenexample is given to facilitate the experimental protocol for this ever an enzyme fraction (pure or not) shows broad speci-
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important to have conclusive evidence that one is dealing with a single molecular species before concluding the existence of two different active sites.
The competition plot was originally validated with yeast hexokinase and galactokinase (1), but since then Frequently an enzyme preparation may catalyze the it has been applied with success to several other syschemical transformation of more than one substrate, tems, such as rat ATP diphosphohydrolase, or apyrase for example, dephosphorylation of ATP and ADP, reduc-(3), microsomal 7␣-hydroxylase activity from liver (4), tion of NAD and NADP, phosphorylation of glucose and periplasmic 5Ј-nucleotidase of Escherichia coli (5), E. coli nitrate reductase (6) , and guinea pig ectonucleoti- 
DESCRIPTION OF THE METHOD
tively, for A in the absence of B and for B in the absence of A. Two reference concentrations a 0 and b 0 are chosen The competition plot can be applied in cases where an such that A ϭ 0 when a ϭ a 0 and B ϭ 0 when b ϭ enzyme preparation catalyzes more than one reaction, b 0 ; i.e., A ϭ 0 ϭ B . If both substrates react at the that is, if it acts on more than one substrate. The first same active site, then when both are present together step of the method is to choose one of the substrates as the two reactions follow equations algebraically equiva-A and the other as B, the latter being preferably the one lent to those for competitive inhibition, the inhibition with the higher limiting rate (or "maximum velocity"). A constant being replaced by the Michaelis constant for reference concentration a 0 of substrate A is then chosen the competing substrate, as discussed in textbooks to give a rate 0 in the absence of B, and the correspond-(10, 11): ing reference concentration b 0 of B that gives the same 0 in the absence of A is then determined. A series of mixtures containing A and B are then prepared at 0 and b ϭ pb 0 , respectively, the p values ranging from zero to one. The total rate is determined for each mixture and plotted against p.
[4] constant rate independent of p indicates that the two reactions occur at the same active site. If reactions occur If the assay does not distinguish between the two reacat two fully independent sites the plot of tot against p tions, the combined rate tot is the sum of the two rates: is a curve with a maximum (Fig. 1) . As the two substrates will often be structurally similar, e.g., ATP and ADP, some cross-inhibition is to be expected. If there are two sites but with cross-inhibition (binding at the two sites, but reaction only at one site), the height of the maximum decreases and it may even be converted into a minimum if each substrate is more effective as an inhibitor of the other reaction than it is as a substrate for its own. A good example of this last behavior is provided by E. coli nitrate reductase with menadiol and duroquinol as substrates (6); another example is reported in Ref. (7). rates A and B for the two reactions may be expressed
Expressed in terms of the reference concentrations a 0 and b 0 and the parameter p, i.e., substituting a ϭ (1
Defining p as before, and tot as the sum of the two tot ϭ [6] rates given by equations [10] and [11] , one can then differentiate the expression for tot with respect to p and analyze the resulting expression. This defines a and as 0 ϭ A when a ϭ a 0 and 0 ϭ B when b ϭ b 0 , continuous function between p ϭ 0 and p ϭ 1 and examithe term V A a 0 /K mA can be replaced with 0 (1 ϩ a 0 /K mA ) nation of the signs of the slopes shows that there can and V B b 0 /K mB with 0 (1 ϩ b 0 /K mB ). Rearranging the rebe either one maximum or one minimum (Fig. 1) . A sult produces the following equation, which shows that maximum indicates that the two substrates are better tot ϭ 0 at any value of p:
substrates than inhibitors (weak inhibition), whereas a minimum indicates that there is a strong inhibition
and that they act better as inhibitors than as substrates. An experimental example of the latter is illus- [7] trated in Fig 2. For more theoretical details see (1) .
At the other extreme, where the two reactions occur at two different sites and are entirely independent of one another, Eqs. [1] and [2] apply not only to the pure substrates but also to the mixtures. So, Eq. [3] and [4] do not hold and Eq. [5] must be replaced by
If a and b are varied systematically, as explained above,
Equation [9] defines rates that vary with p, in contrast to Eq. [6] , which defines rates independent of p. With the model of independent sites the competition FIG. 2 . Competition plot showing that oxidation of menadiol and plot of tot against p is a curve with a maximum at an duroquinol occurs at different sites in E. coli nitrate reductase (6).
The plot shows total oxidation rate of mixtures of menadiol and intermediate value of p (1) as shown in Fig. 1 . This duroquinol at concentrations 0.0237 (1 Ϫ p) mM and 0.125p mM, maximum does not have to occur at p ϭ 0.5, and in fact respectively, at 3.125 mM nitrate. Full details of how the curves were the curve is usually unsymmetrical, a characteristic calculated are somewhat complicated and given in the original source that has some implications for the experimental design, (6) . Here it is sufficient to note that the departure from a constant rate visible in curve a is a consequence of the cooperativity of the as discussed below.
enzyme (Hill coefficient of 2.0 for both reactions) and that it is trivial
The case of one site and two independent sites can compared with the experimental variation in rate, which is consistent be regarded as two cases of a more general model in with the model represented by curve b, in which cross-inhibition which the two reactions occur at separate sites, but are between reactions at two different sites was assumed. Reproduced, with permission from R. Giordani 
, [12] constancy may pass unnoticed if there are only a few points and these are concentrated in the central region. where h A and h B are the Hill coefficients with substrates The degree of asymmetry depends on the difference A and B, respectively, and Eq. [9] (for two sites) needs between the limiting rates of the two reactions, and the to be replaced by the following equation extremum is biased toward the point of saturation with the substrate for which the enzyme has the higher limiting rate. This asymmetry may be quite pronounced,
.
[13] especially in the case of antagonistic reactions, if the limiting rates are very different.
If both reactions show positive cooperativity (h Ͼ 1), even if they occur at a single site, the curve of tot against Practical Comments for Setting Up an Experiment p may pass through a minimum (1). However, this tends If very little is known in advance about the enzyme to be shallow as the deepest minimum attributable to it is convenient to proceed as follows: cooperativity when there is competition for a single site can be calculated, and is 2 1Ϫh (6). The depth of this i. Make a preliminary experiment in which assays minimum decreases as the substrate concentrations in-are done at three or four different concentrations of crease. As Hill coefficients are usually less than 4.0, each substrate. Take concentrations approximately in the expected minimum due to positive cooperativity is geometric progression to give a rough idea of the degree rather small in practice if relatively high concentrations of saturation and the relative velocities. of substrates are used, and does not interfere seriously ii. Then choose a concentration of one of them, desigwith the interpretation of the results as shown in Fig. nated A, that gives an easily measurable rate 0 . Bear 2. Similarly if the reactions show negative cooperativity in mind while doing this that when the mixtures are (h Ͻ 1) the curve of tot against p may pass through tested afterward the velocity may increase or decrease, a maximum. A way to avoid these deviations is by so the velocity initially chosen must allow for these redefining the concentrations in the mixtures as a ϭ variations, i.e., the detecting method ought to be able
to cope with variations in either direction. In addition, as the sensitivity of the plot depends on the concentration, one should choose a concentration as high as pos-
IMPROVING THE SENSITIVITY OF THE PLOT:
sible.
SOME PRACTICAL SUGGESTIONS
iii. Find by trial and error (or calculation if enough information is available) the concentration of B that will give the same velocity in the absence of A. Which The essence of the competition plot is the detection of deviations from constancy. If the deviation found is substrate one defines as A or B does not matter, but as the trial-and-error search may require several attempts slight and the experimental precision is not very high the answer may be insufficiently clear. There are ways it will usually be convenient to do it with the substrate that is more easily available. If the relative velocities to improve the sensitivity of the plot, however. One is to increase the concentration of substrates, because the with the two substrates appear to be very different it is easier to set the velocity with the substrate for which departure from constancy, if there are two sites, can be substantially increased by using higher concentrations the relative velocity is lower.
iv. Once that the two reference concentrations a 0 and (see Fig. 3 of Ref. 1) . On the other hand, if no deviation from constancy is detected it is important to repeat the b 0 that give the same rate 0 at p ϭ 0 and p ϭ 1 have been found, measure the rates given by mixtures of the which can be expressed as two substrates such that a ϭ (1 Ϫ p)a 0 and b ϭ pb 0 and plot the total rate (sum of the rates of the two substrates mixed together) against p.
[16] v. If the two reactions do not obey Michaelis-Menten kinetics it is convenient to define the concentrations in the mixtures as a ϭ a 0 (1
This equation is similar to Eq. [5] with P V A instead of However the ordinary experimental design without V A and P V B instead of V B and describes a function that these corrections will give reasonably accurate results is independent of the parameter p. Consequently, it is provided that the substrate concentrations used are also possible to work with just absorption values, inhigh enough. So choose a 0 and b 0 as high as possible. stead of molecular rates, which could be very useful in certain cases.
A PRACTICAL EXAMPLE Quantification of the Product
If the reaction is followed spectroscopically and the Suppose that an assay mixture giving an experimentwo products have different absorption spectra it is con-tally convenient velocity 0 has a total volume of 450 venient to determine the isosbestic point and to follow l, and that this is obtained by mixing 390 l of a the reaction at this wavelength, as was done, for exam-solution containing enzyme and other appropriate ple, for the reaction of nitrate reductase with menadiol assay components (apart from substrate) with 60 l of and duroquinol (6) . However, this may sometimes be a 15 mM solution of substrate A. This implies that inconvenient as the absorbance at the isosbestic point a 0 ϭ 2 mM, i.e., 15 mM ϫ 60/450. Suppose then that may be too low for one of the products or even for both. trial and error shows that mixing the same amount This need not represent a serious problem, however, (390 l) of the enzyme solution with 40 l of a 5 mM as the rates can be expressed in units convenient for solution of B and 20 l of buffer produces the same measurement (rate of change of absorbance, for exam-velocity 0 , i.e., that b 0 ϭ 0.44 mM, or 5 mM ϫ 40/450. ple); they do not have to be measured in biochemically Assay mixtures are then made keeping the amount of correct units, such as millimolar per second, as will now enzyme and other components of the reaction fixed and be shown. mixing A and B solutions so that a ϭ 2(1 Ϫ p) mM and Suppose the two products P and Q (or the two sub-b ϭ 0.44p mM. This is a simple calculation, as for each strates A and B, if one is measuring disappearance assay the volume of A is equal to 60(1 Ϫ p) l and of substrate rather than appearance of product) have the volume of B is 40p l. A practically simpler way, different absorbance spectra; then, if the reaction is however, is to dilute the 5 mM solution of B 1.5-fold, followed at a convenient fixed wavelength, the mea-and then mix the two stock solutions in different proporsured rates in spectrophotometric units are P A and tions to give a total of 60 l each time. For each mixture Q B , where P and Q are the relevant extinction coeffi-it is then necessary to measure the total rate (sum of cients, rather than the true rates A and B , respectively. rates for the two substrates mixed together) or the rate For each different mixture the total rate of change of of change of absorbance, and this value is then plotted absorbance is measured as against the parameter p, which varies between 0 and 1. As the curves may not be very symmetrical, as mentioned above (see also Ref. 
COMPARISON WITH OTHER METHODS
at the same active site or whether the data are more easily explained in terms of multiple active sites (or At the time that we developed this method (1) we multiple enzymes in the case of preliminary studies were unaware of another kinetic method based on simi-of unpurified enzymes). The competition plot offers a lar ideas (12) , in which tot is plotted versus a or b, relatively simple solution to this problem, as it does not maintaining aK mB ϩ bK mA ϭ K constant, the value of require precise prior knowledge of the kinetic parame-K being chosen arbitrarily, but with care to have a range ters and requires little experimentation. It also has the of concentrations that allow easily measurable values advantage of being a null method; i.e., it has a predicted of tot . If there is a single active site this plot gives a effect of zero, so that to the limit of the experimental linear relationship with a nonzero slope, but otherwise accuracy even the smallest deviation from constancy there is a maximum or a minimum. It has the disadvan-provides evidence against the simplest model. The comtage, however, that its application requires the prior petition plot thus provides a useful complement to knowledge of both K mA and K mB , and, more important, structural studies. the concentration of B needs to be calculated separately for every new concentration of A. All of this is unnecessary with the competition plot, for which simple mixing REFERENCES of two stock solutions (with no calculation) is sufficient. In addition, as the idea of both plots is to look for a
